The detailed knowledge of the three-dimensional~3D! organization of the nervous tissue provides essential information on its functional elucidation. We used serial block-face scanning electron microscopy with focused ion beam~FIB! milling to reveal 3D morphologies of the mossy fiber rosettes in the mice cerebellum. Three-week-old C57 black mice were perfused with a fixative of 1% paraformaldehyde/1% glutaraldehyde in phosphate buffer; the cerebellum was osmicated and embedded in the Araldite. The block containing granule cell layer was sliced with FIB and observed by field-emission scanning electron microscopy. The contrast of backscattered electron image of the block-face was similar to that of transmission electron microscopy and processed using 3D visualization software for further analysis. The mossy fiber rosettes on each image were segmented and rendered to visualize the 3D model. The complete 3D characters of the mossy fiber rosette could be browsed on the A-Works, in-house software, and some preliminary quantitative data on synapse of the rosette could be extracted from these models. Thanks to the development of two-beam imaging and optimized software, we could get 3D information on cerebellar mossy fiber rosettes with ease and speedily, which would be an additive choice to explore 3D structures of the nervous systems and their networks.
INTRODUCTION
The detailed knowledge of the three-dimensional~3D! organization of the biological tissue provides essential information on its functional elucidation, especially in the nervous system. Since the first report of transmission electron microscopy~TEM! of the cerebral cortex synapse~Gray, 1959!, TEM has contributed to the accomplishment of neuroscience. 3D ultrastructural analyses on the small part of the mammalian brain and the complete nervous system on Caenorhabditis elegans~White et al., 1986! have shed significant light on 3D microscopic study. The redistribution of polyribosome on the dendritic shaft and their spines in long-term potentiation slice of the rat hippocampus with 3D TEM study revealed the importance of the local protein synthesis during learning and memory~Ostroff et al., 2002!. In addition, a lot of effort is being made to perform largescale 3D analysis of neural connectivity with various modern microscopic technologies~Eisenstein, 2009!.
Three methods are available for 3D ultrastructural analyses of the nervous system:~1! serial section transmission electron microscopy~SSTEM!,~2! serial block-face scanning electron microscopy~SBFSEM!, and~3! serial section electron tomography~SSET!~Arenkiel & Ehlers, 2009!. The SSTEM is a widespread tool used in many classical studies. There are many factors that can contribute to interrupted series or imperfect image stacks: section folds during the placement onto support films, electron beam damage that distorts the sections, and stain contamination, which is the reason for the few reports on 3D microscopic studies in contrast to the long history of TEM. The SSET provides higher z-axis resolution than SSTEM and SBFSEM~Noske et al., 2008!, but requires high-end manipulating skills of imaging process. SBFSEM has been introduced recently thanks to two combining technologies:~1! serial block milling methods by diamond knife or ion beam and~2! detection system of backscattered electron signals~Denk & Horstmann, 2004; Knott et al., 2008!. SBFSEM Here, we applied FIB-FESEM to model 3D morphology of the cerebellar mossy fiber rosettes and extracted some morphological characters of the mossy fiber rosettes, which can be compared with those under various physiological and pathological conditions in specific cases.
MATERIALS AND METHODS

Sample Preparation
Three-week-old C57BL mice were anesthetized with ketamine/xylazine~ip! and perfused intracardially with 250 ml of 1% paraformaldehyde/1% glutaraldehyde in 0.12 M phosphate buffer~pH 7.4!. The cerebella were dissected and 0.5-1-mm sagittal sections of each cerebellum were osmicated~2% osmium tetroxide! for 3-4 h, washed in maleic acid buffer, placed in a uranyl acetate coloration solution~48C! for 90 min, washed again in maleic acid buffer, dehydrated through an ascending series of ethanol, and embedded in Araldite. The granule cell layer was identified on the semithin section and trimmed for further observation.
FIB-FESEM
The selected blocks were mounted on an aluminum stub and sputter-coated~ca. 10 nm thick! with platinum~Pt! using a coater~SCD 005; BAL-TEC, Balzers, Liechtenstein!. They were mounted on a stage of an FIB-FESEM~Auriga; Carl Zeiss, Oberkochen, Germany! and tilted to an angle of 548. After Pt deposition for protection layer, the blocks were treated with a 4-nA~coarse milling! Ga ϩ beam and a 240-pA~fine milling! Ga ϩ beam operated at an acceleration voltage of 30 kV. The blocks were continuously sliced by 80 nm with Ga ϩ beam, leading to a total of 283 slices~ca. 19,810 nm thick!. The newly exposed surface was observed using an energy-selective backscattered electron detector at an acceleration voltage of 1.5 kV. It took ca. 3 min per slice-and-image step, a total of 849 min~14.15 h!. Acquired images were contrast-inverted using a built-in software package~SmartSEM version 5.3.5; Carl Zeiss, Oberkochen, Germany!.
3D Image Processing
Alignment of the contrast-inverted images was performed with Adobe Photoshop~Adobe Systems, San Jose, CA!. Two adjacent images were overlaid in layers by comparing and aligning the bottom layer with the top layer~reference image! to make the reference image partially transparent Knott et al., 2008 !. After alignment, the serial images were imported using in-house software, A-View software~devel-oped at radiology department in Asan Medical Center!, which was originally developed for 3D image visualization of CT and MRI images~Park et al., 2009!. The original program was patched to import serial tiff format images produced by FIB-FESEM. The mossy fiber rosettes and their subcomponents were identified, segmented, and rendered to produce 3D models of the mossy fibber rosette. In addition, we measured some preliminary parameters such as volume of mossy fiber rosettes and their synaptic contact number.
RESULT
The block-face of the epoxy blocks was sliced with Ga ϩ beam by FIB-FESEM without discernible beam damage. Cellular membrane systems were considered preserved on the exposed block-face. In particular, it was feasible to resolve osmicated and pre-stained membranes by the compositional contrast of backscattered electron images~Kim & Jaksch, 2009!.
In this study, we milled the block by 80 nm steps to save milling time. It took 14 h to mill and image 283 times. The 283 serial images showed continuous change of the neuronal tissue profiles across the granule cell layer. When we aligned two images with Adobe Photoshop, there was a little shift of image in the x-y axes. The contrast-inverted backscattered electron images of the block-face were very similar to conventional TEM images. We could identify all neuronal profiles including cell bodies, axon, dendrites, detailed organelles, and synapses~Fig. 1!. The mossy fiber rosette contains numerous synaptic vesicles, mitochondria, neurofilaments, and synapses contacting dendritic claws of granule cells and dendrites of Golgi cells~Fig. 1!.
We constructed 3D models of mossy rosettes, which could be navigated in A-Works software~Fig. 2!. A mossy fiber rosette was embedded in the virtual neuronal block correlated with its x-y-z plane images~Fig. 2a!. It had two lobules with isthmus and each lobule had irregular branched elongations~Figs. 2a, 2b!. The morphology of this mossy fiber rosette is shown with different projections according Figure 2 . Screen capture images of a 3D model of mossy fiber rosette on the V-View program. The mossy fiber rosette can be observed on the 3D coordinate planes~a!. The 3D model shows different projection images according to the six-window directions of the mossy fiber in the cube~b!, which suggests the importance of 3D observations to understand real configuration of the biological structures. Surface of mossy fiber rosette, green; synaptic contact, red. Scale bar is 1 mm.
to its six observation windows~Fig. 2b!. We constructed three and one incomplete model of mossy fiber rosettẽ Fig. 3 !. We mapped the location of synapses and distribution of mitochondria in each mossy fiber model. The models showed that there were large volume fractions of the mitochondria and synaptic contacts on the mossy fiber rosettes~Fig. 3!.
The preliminary measurement of these mossy fiber rosettes model showed that the volume of the completely modeled mossy fiber rosettes was 31.2, 36.7, and 60.3 mm 3 Table 1 !. The number of synaptic contact in each mossy fiber rosette was 140, 160, and 243 in case of complete sets. The synaptic contact number based on each volume was 4.03, 4.36, and 4.48 for all models reconstructed. The volume of the mitochondrial volume fraction ranged from 13.9 to 17.8%.
DISCUSSION
In this study, we efficiently reconstructed mossy fiber rosettes three dimensionally using SBFSEM images, which facilitated the alignment compared to SSTEM or SSET by has some advantages compared with the ion-abrasion system:~1! wider milling area,~2! rapid milling speed, and 3! economic maintenance compared with Ga ϩ system Muller-Reichert et al., 2010!. However, the ion-abrasion system~IA-SEM! has a higher z-axis resolution compared with the 3View system. IA-SEM can mill some intractable specimens, which are not easy to cut with a diamond knife by routine preparations: bone/dental implant interfaces~Gi-annuzzi et al., 2007!, mannitol particle in inhalation aerosol Heng et al., 2007!, and oyster shell~Kudo et al., 2010 !. Therefore, we can choose an appropriate system according to samples observed.
We used A-Works, which was originally developed for 3D visualization of medical images such as CT and MRI. We successfully imported serial images and segmented, edited, and modeled by convenient user-friendly tools embedded in the software. Thanks to the combination of decent serial imaging system and user-friendly software, we could model mossy fiber rosettes efficiently.
The mossy fibers are axon fibers originating from the spinal cord or pons, and they make a unique branching pattern like Spanish moss. The enlargements of the mossy fibers are called rosettes, the morphology of which could be categorized into three groups:~1! simple fusiform enlargement,~2! massive central expansion with several twisted and angular, tapering, or filiform appendage projections, and 3! flower-like figures by tubular processes~Palay & ChanPalay, 1974!. In this study, we observed diverse 3D morphology of the mossy fiber rosettes corresponding to the above description. We could present some morphometric value on mossy fiber rosettes with 3D analysis. The number of synaptic contact per cubic micrometer was 4.0-4.5/mm 3 and the volume fraction of mitochondria was 13.4-17.8% of the rosette volume, which could be used as reference values for further analysis of the synaptic strength in various physiological and pathological models.
Morphological differentiation of mossy fiber synapse was analyzed by developmental quantitative studies on the numerous random thin sections of the developing rat cerebella~Hamori & Somogyi, 1983!. The number of dendritic profiles belonging to mossy fiber rosette increased with the maturation of the cerebellum up to postnatal 60 days. The area and perimeter of the mossy fiber rosette area also showed an abrupt increase at postnatal 15 days. A hypothesis on the regulation of excessive number of synapse during development needs to be evaluated by 3D studies, because mossy fiber rosettes are big structures composed of over a hundred thin sections~Hamori & Somogyi, 1983!. The 3D models of cerebellar mossy fiber rosettes in a postnatal day 18 rat constructed by serial TEM provided morphological evidence of glutamate spillover caused by the desensitization within the mossy fiber and granule cell synapse~Xu- Friedman & Regehr, 2003!. In addition to the mossy fiber rosette study, 3D modeling of the synapse in the LTP model of hippocampus implied an important role of multiple spine synapses between a single axon terminal and a dendrite during learning processes~Toni et al., 1999!. The hypothesis of multiple spine formation in the LTP model was evaluated by SSTEM 3D analysis as well~Fiala et al., 2002!. Recently, high throughput analyses of the neural network became an important platform for neuroscience, which is called "connectomics."
This study presented the potential of the two-beam applications for the reconstruction of the nervous system, which would be used for the analyses of normal neuronal structures and plasticity related to various neurological conditions.
